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Abstract¥s We have done petrologic studies of brachinites ALH 84025, EET 99402 and
EET 99407, bulk geochemical studies of EET 99402 and EET 99407, Ar-Ar studies of Brachina
and EET 99402 and a Xe isotopic study of Brachina. Textural, mineral compositional and bulk
compositional evidence show that EET 99402 and EET 99407 are paired. ALH 84025, EET
99402 and EET 99407 have igneous textures. Petrofabric analyses of ALH 84025 and EET
99407 demonstrate the presence of lineations and probable foliations of olivine grains that
support formation as igneous cumulates. Mineral minor element chemistry and bulk rock
incompatible lithophile element contents of the brachinites are distinct from those of acapulcoite-
lodranite clan meteorites, a suite of high-grade metamorphic rocks and anatectic residues. The
differences demonstrate a higher blocking temperature of equilibration for the brachinites, and
that cumulus plagioclase is present in EET 9940n and probably ALH 84025, thus indicating an
igneous origin. Brachinites are differentiated, ultramafic achondrites, not part of a suite of
primitive achondrites, and we infer that their parent asteroid is a differentiated body.

Brachina has an excess of ***Xe correlated with reactor-produced *?X e demonstrating
that short-lived 2’| was present at the time of formation. This, plus literature data, attest to early
formation of the brachinites, within afew Ma of the formation of chondrites. Argon-Ar age
studies show that Brachinaand EET 99407 were degassed about 4.13 Ga ago, possibly by a
common impact event. EET 9940n show petrographic evidence for shock, including possible
conversion of plagioclase to maskelynite followed by devitrification. Brachinais unshocked,

making a direct association between the Ar-Ar age and textures ambiguous.



INTRODUCTION

The brachinite group of meteoritesis small and incompletely studied. There areten
brachinites, but pairing reduces the number of true individuals to at most eight. Including this
study, only half of them have been subjected to detailed study — the rest are described only in
abstracts, the Catalogue of Meteorites or The Meteoritical Bulletin. Mittlefehldt (2003) and
Mittlefehldt et al. (1998) summarized the petrology, chemistry and chronology of the group.
Brachinites exhibit a somewhat diverse petrology, but all are composed dominantly of olivine -
7910 93% - and all contain high-Ca pyroxene. All but three contain plagioclase, and all but four
contain orthopyroxene. Chromite and Fe-sulfide are minor components reported in most
brachinites, and metal and phosphates are trace componentsin several. Table 1 summarizesthe

petrology of brachinites.

Compositional information is available only for ALH 84025, Brachina and Eagles Nest,
but the data for Eagles Nest indicate substantial terrestrial contamination (Johnson et al., 1977;
Nehru et a., 1983; Swindle et al., 1998; Warren and Kallemeyn, 1989). ALH 84025 and
Brachina differ significantly in bulk composition — Brachina has nearly chondritic abundances of
incompatible lithophile elements, whereas ALH 84025 is depleted (Johnson et al., 1977; Nehru
et a., 1983; Warren and Kallemeyn, 1989). Siderophile element abundance patterns are
variable, but brachinites are depleted in these elements by factors of ~0.1 to 0.7 compared to ClI
chondrites (Nehru et a., 1983; Swindle et a., 1998; Warren and Kallemeyn, 1989). Noble gas
datafor ALH 84025 and Brachina show that they have relatively high trapped noble gas
contents, with **Aryaped Of 2.1x10°® and 0.82x10°® cm® g, respectively (Ott et al., 1985; 1987).

Very few chronological studies have been done on brachinites, much of it published only
in abstracts, but the data are sufficient to show that the brachinites were formed early in solar
system history. Brachina, ALH 84025 and Eagles Nest contain excess ***X e from in-situ decay
of *| (t,, 17 Ma) (Bogard et al., 1983; Ott et al., 1987; Swindle et al., 1998). Bogard et al.
(1983) noted that the Brachina data indicate that retention of ***Xe began no later than 4.4 Ga
ago, and Swindle et al. (1998) concluded that Eagles Nest began retaining ***Xe within ~50 Ma
of primitive chondrites. Crozaz and Pellas (1984) studied particle tracks in phosphate, high-Ca
pyroxene and olivine grains from Brachina, and concluded that fission tracks from **Pu (t,, 82
Ma) are present and that track retention began ~4.5 Ga ago. Wadhwa et al. (1998a) found



excesses in >*Cr correlated with the Mn/Cr ratio indicating that **Mn (t,, 3.7 Ma) was present in
Brachina. They calculated a formation age of 4.5637+0.0009 Ga through comparison with the
SMn/*°Mn ratio and Pb-Pb age of angrite LEW 86010. They noted that Brachinawas at most

only ~5 Mayounger than the oldest known objects from the solar system - CAls from Allende.

Nehru et a. (1992) classified brachinites as primitive achondrites, but recent studies have
rather supported acumulate origin for ALH 84025, Eagles Nest, EET 99402 and EET 99407
(Mittlefehldt and Berkley, 2002; Swindle et al., 1998; Warren and Kallemeyn, 1989). We
consider primitive achondrites to be those with metamorphic textures and lithophile, siderophile
and chalcophile element contents similar to the ranges exhibited by nebular materials. Some
individual members may show somewhat fractionated element patterns, but unfractionated
members dominate primitive achondrite groups. The acapul coite-lodranite clan is the archetype
primitive achondrite group, and will be used here to contrast brachinite properties to those
expected of primitive achondrites. In contrast, differentiated achondrites exhibit igneous
textures, possibly modified by impact and/or thermal metamorphism, and have lithophile,
siderophile and chalcophile element contents that are highly fractionated from the ranges of

nebular materials.

Here we report on our completed petrologic studies of ALH 84025, EET 99402 and EET
99407, bulk compositional studies of EET 99402 and EET 99407, Ar-Ar studies of Brachina and
EET 99402, and Xe isotopic study of Brachina. EET 99402 and EET 99407 were believed to be
paired based on preliminary characterization, and we confirm here that they are. We will refer to
the pair as EET 9940n for convenience. We use our data on EET 9940n to determine the
petrogenesis and thermal history of this brachinite, and then discuss the origin of the group using
all available data. In particular, we wish to address the question of whether brachinites are

primitive or differentiated achondrites.
SAMPLESAND ANALYTICAL METHODS

We obtained polished thin sections of ALH 84025, EET 99402 and EET 99407 for
petrographic observation and electron microprobe analysis (EMPA) from NASA Johnson Space
Center (JSC). We did EMPA using the Cameca SX 100 electron microprobe at NASA JSC.



Analytical conditions were 20 kV, 40 nA, 1 um beam for mafic silicates, oxides, metal and
troilite, and 15 kV, 20 nA, 10x10 um rastered beam for plagioclase.

We made digital x-ray maps on the SX100 electron microprobe for the elements Mg, Al,
Si, P, S, Ca, and Fe at apoint spacing of 10 um. Total areas covered (after subtraction of regions
of epoxy) were 0.187 cm? for ALH 84025,6, 0.241 cm? for ALH 84025,26 and 0.478 cm? for
EET 99402,22. Our bulk rock data and thin section examination showed that EET 99402 and
EET 99407 have very similar modal mineral abundances, hence we did x-ray mapping only of
one. Warren and Kallemeyn (1989) noted that different thin sections of ALH 84025 are distinct.
Thus, we did x-ray mapping of one from each potted butt used to make thin sections. The data
arrays (x-y coordinates plus x-ray intensities) were manipulated with the Interactive Data
Language of Research Systems, Inc. X-ray intensity filters were defined for each mineral, and x-
ray intensities were then used to identify the phase at each x,y position. These were then

converted to modal abundances for each thin section.

We obtained two interior chips of EET 99402 (490 and 650 mg) and one of EET 99407
(540 mg) from NASA JSC for instrumental neutron activation analysis (INAA). Each sample
was ground, homogenized and split to yield ~50 mg for INAA. The INAA was done using
standard JSC procedures (Mittlefehldt, 1994). The samples, standards and controls were sealed
in pure silica glass tubes and irradiated at the University of Missouri Research Reactor Facility
for 24 hours at aflux of 5.5x10" n cm™? sec’®. The samples were counted four times roughly ¥,
1, 5 and 15 weeks after irradiation to obtain data for nuclides of differing half-lives.

We obtained an interior chip of Brachina from the American Museum of Natural History
(AMNH #4489E), and an interior chip of EET 99402 (,20) from NASA JSC for Ar-Ar and noble
gasanalyses. A 47 mg sample of EET 99402 was irradiated in the University of Missouri
Research Reactor Facility, aong with several samples of hornblende NL-25, which isused as a
flux and age monitor (Bogard et al, 1995). Irradiation converts a portion of the **K to **Ar via
(n,p) reaction, which then resides in the same lattice sites as “°Ar from natural decay of K. A
portion of the “°Cais also converted to 3’Ar via (n,a) reaction. Argon was extracted by stepwise
temperature release and its isotopic composition was analyzed on aV G-3600 mass spectrometer.
A 199 mg split of the Brachina sample crushed to <100 mesh was used for Ar-Ar analysis. It
and samples of NL-25 hornblende wereirradiated in 1982 at the Brookhaven National



Laboratory, and extracted Ar was analyzed on a Nuclide 6-60 mass spectrometer. Irradiation
constants (J values) for the irradiations were 0.02265+0.0001 (UM) and 0.1030+0.0006 (BNL).
Because of the moderately high K content of the Brachina sample, blanks and reactor-produced
interferences on **Ar were not significant. Because of the very low K concentration of our EET
99402 sample, corrections applied for blanks and reactor-produced interferences on **Ar were
generally significant - they ranged from <1% to ~3%. Blank corrections to “°Ar for those
extractions primarily used to deduce an age ranged from ~2 to 15%, whereas corrections to
extractions releasing smaller “°Ar concentrations were larger. Corrections for *°Ar produced in
the reactor from Cawere <10% for most extractions, but were higher for those extractions
releasing the last 4% of the total **Ar. Through multiple measurements on irradiated CaF, we
have defined the uncertainty in these reactor corrections to <2-3%. Uncertainties shown for
calculated Ar-Ar ages of individual extractions incorporate uncertainties in blank, reactor, and
decay corrections, but not uncertainties in the irradiation constant (J value) or the hornblende
monitor age (=0.5%). However, where we give an average age for several extractions, the
uncertainty in this“plateau” age does include the uncertainty in J. We assigned an uncertainty to
each blank correction equal to the correction itself, although we believe that the blanks are
known more accurately than this. Preliminary data for Brachina were reported by Bogard et al.
(1983).

RESULTS

General Petrography and Mineral Chemistry

We have done detailed petrographic and mineral compositional studies of ALH 84025,
EET 99402 and EET 99407. EET 9940n (EET 99402 and EET 99407 are identical) is a coarse
grained rock with overall xenomorphic-granular texture composed of olivine, high-Ca pyroxene,
plagioclase, Cr-rich spinel, iron sulfide and rare metal (Fig. 1). Olivine generally occurs as
equant grains ~0.5-1.5 mm across, although prismatic grains are also present. Some of the larger
olivine grains have irregular margins, with deep embayments. Olivine grains are often joined at
triple junctures, commonly show undulatory extinction, and contain planar fractures. High-Ca
pyroxene occurs as roughly equant to irregular grains 0.2-0.7 mm across, is often interstitial to
olivine, and is commonly twinned. Some high-Ca pyroxene grains partially to completely
enclose olivine grains. Plagioclase occurs as highly irregular interstitial patches 0.2-1.5 mm



across. These patches are composed of mosaics of numerous tiny grains, commonly contain
vesicles up to 100 um across, and often partially or entirely enclose olivine grains. Spinel occurs
as equant to irregular, interstitial grains ~0.02-0.3 mm across. Sulfide and rare metal occur as
generally <10 um grains forming abundant curvilinear inclusion surfacesin all other phases.
This gives EET 9940n a dark, dusty appearance in transmitted light (Fig. 1). We used our INAA
datafor Na, Ca, Cr and Se (assuming a chondritic §/Se ratio), and mineral composition data, to
estimate the weight percentages of mineralsin EET 9940n — olivine 88.2%, high-Ca pyroxene
4.1%, plagioclase 5.4%, spinel 1.0%, and troilite 1.3%. This compares well with the mineral
mode determined by x-ray mapping of EET 99402 (Table 1) when converted to weight percent -
olivine 88.0%, high-Ca pyroxene 4.7%, plagioclase 6.1%, spinel 1.0%, and troilite 0.1%. Based
on deformation textures of olivine, we estimate a shock stage of S3 using the ordinary chondrite
shock stage classification (Stoffler et a., 1991). Weathering appears restricted to minor iron
oxide staining along grain boundaries, and suggests a weathering category of WO-W1 (Wlotzka,
1993). However, because metal and sulfides in these meteorites are mostly tiny grains enclosed
in host silicate and oxide grains, this scale, devised for metal- and troilite-rich ordinary

chondrites, may not be appropriate.

Mason et a. (1992) and Warren and Kallemeyn (1989) have described the texture of
ALH 84025, and we will only contrast ALH 84025 with EET 9940n. Although olivine and high-
Capyroxenein ALH 84025 also contain tiny (most <15 um) metal, troilite and chromite
inclusions, they are much less abundant than the ubiquitous inclusions typical of EET 9940n,
making ALH 84025 much more transparent in thin section (Fig. 1). In addition, metal and
troilite occur in part asrelatively large grainsin ALH 84025, up to 1.6 mm for troilite and 0.4
mm for metal (Warren and Kallemeyn, 1989), unlike EET 9940n. The mineral modes of the two
ALH 84025 thin sections agree well with each other - the major difference is antithetic variation
in olivine and high-Ca pyroxene (Table 1). Our modes also agree with the range of modes given
by Warren and Kallemeyn (1989). Olivine shows only mild undulatory extinction and few, if
any, planar fractures, indicating a shock stage of S2 (Stéffler et a., 1991). Weathering appears
restricted to minor iron oxide staining along grain boundaries, and suggests a weathering
category of WO-W1 (Wlotzka, 1993). Because many metal and troilite grains are large and not
enclosed in silicate grains, the weathering scale developed for ordinary chondrites is applicable
to ALH 84025.



The mineralsin ALH 84025 and EET 9940n are uniform in composition. Those of EET
99402 and EET 99407 are identical, supporting pairing of these stones. Representative grain
compositions are given in Tables 2-4. Olivinein EET 9940n has an average composition of
F0g4.2, with molar Fe/Mn of 76.2. For ALH 84025, olivine compositions average Foggs 5, With
molar Fe/Mn of 68.3. Olivine hasrelatively high CaO contents, averaging 0.12 wt% for EET
9940n and 0.10 wt% for ALH 84025, asistypical of brachinites (e.g., see Warren and
Kallemeyn, 1989). Brachinites are distinct from primitive achondrites such as the acapul coite-
lodranite clan, or equilibrated chondritesin this (Fig. 2). The NiO contents are close to the
detection limit, and dlightly less than found for Brachina (0.014-0.020 vs. ~0.045, Table 2, Smith
et a., 1983). However, one region of an otherwise typical olivine grain in ALH 84025 has
elevated NiO contents (Table 2).

High-Ca pyroxene in EET 9940n is diopside with an average composition of
W0y 0EN437FS103 With molar Fe/Mn of 40.1. High-Ca pyroxenein ALH 84025 is augite with an
average composition of Woy3 4Enss 4FS112 with molar Fe/Mn of 31.5. High-Capyroxeneis Na-
and Ti-poor compared to those of primitive achondrites and equilibrated ordinary chondrites, and
at the low end of their range for Cr (Fig. 3).

We determined plagioclase compositions only for EET 99407. The plagioclase patches
are composed of masses of grains afew micronsin size, thus the 10x10 um rastered beam
analyses are not of individual grains. Further, x-ray mapping of one of the plagioclase patches
shows the presence of afew ~5 um-size grains with differing Ca/Na. With these caveatsin
mind, we found that the average plagioclase composition is Anzg 7Abey 10r02. (The end-member
composition reported by Mittlefehldt and Berkley (2002) isincorrect due to computational
error.) Thisplagioclaseis Ca-rich and very K-poor compared to those of primitive achondrites,
equilibrated ordinary chondrites and Brachina (Fig. 4). Plagioclaseisabsent in ALH 84025
(Table 1; Warren and Kallemeyn, 1989).

Chrome-rich spinel in ALH 84025 is within the range of compositions of primitive
achondrite spinels, and is Ti-poor compared to those of equilibrated ordinary chondrites (Fig. 5)
Spinel grainsin EET 9940n are distinct. They have higher Al contents (13.5 wt% Al,O3 vs. 7.5
wt%), and much lower Zn contents (=0.03 wt% ZnO vs. 0.44 wt%). However, one euhedral

spinel grain enclosed in plagioclase in EET 99407 has a ZnO content of 0.40 wt%, like those of



ALH 84025. Thisgrain hasadlightly higher mg#, but is otherwise unexceptional (Table 3). The
ZnO contents of spinelsin ALH 84025 are at the low end of the range for acapul coite-lodranite
clan meteorites, and slightly above the range for the L7 chondrite LEW 88663 (Fig. 5).

Troilite and the rare metal grainsin EET 9940n were not analyzed due to their small size.
Metal in ALH 84025 is taenite with four grains yielding arange of 28.9-31.4 wt% Ni and 1.58-
1.67 wt% Co. Three of the grains have essentially identical Co/Ni atom ratios of 0.053, while
the other has aratio of 0.056. Four troilite grains have Ni contents in the range 0.42-0.62 wt%,
and Co contents of 0.06 wt%. An exceptional grain contains 0.04 wt% Ni and 0.03 wt% Co.

Petrofabric Analysis

Many olivine grains in thin section of EET 99407,9 have very similar birefringence,
possibly indicating similar crystallographic orientation. Warren and Kallemeyn (1989) noted
that prismatic olivine grainsin part of thin section ALH 84025,7 appeared to show preferred
orientation. To aid in understanding of the physical processesinvolved in brachinite formation,
we performed universal stage petrofabric analyses on olivine grains in polished thin sections
EET 99407,9 and ALH 84025,6 - a serial section from the same potted butt as ALH 84025,7.
The orientations of X (fast), Y (intermediate), and Z (slow) light vibration axes were plotted on a
Schmidt equal area stereonet and the points contoured using a Kalsbeek counting net (Fig. 6).
Because olivine crystallographic axes are parallel to light vibration axes, the plots show the
corresponding a, b, and c crystallographic axes directly. Of particular interest are the Y =c axes
because they represent the long axes of ideal olivine crystals.

EET 99407,9 shows no obvious visua indication of olivine or pyroxene preferred
orientation - lineation or foliation textures are absent. However, the olivine c axes (Y) are highly
concentrated in or near the center of the stereonet indicating many are oriented nearly
perpendicular to the thin section plane (Fig. 6a). Maximum concentration is 14% in 1% of area
(that is, 14 times the concentration expected for a random distribution), with a secondary high
concentration (10% in 1% of area) oriented nearly in the plane of the thin section and trending
NW-SE in Fig. 6a. (“North” is equated with the tops of the stereonets.) The prevalence of
vertical ¢ axes (with afairly high degree of scatter otherwise) explainswhy avisible lineation is

not apparent in EET 99407,9 — the long axes of many grains are perpendicular to the thin section



plane. Most grains display nearly equidimensional basal sections, or otherwise show no obvious

preferred orientation.

Scrutiny of the overal patterns of al three crystallographic axesis required to ascertain
whether afoliation exists. Ideal olivine crystals, particularly those of igneous origin, commonly
show abroad (010) face, so that olivine foliations tend to consist of quasi-parallel (010) faces
(Brothers, 1964). Thisfoliation should show rotation around the X=b axis [010] with parallel or
sub-parallel Y=c and Z=agirdle bands. That pattern is absent in EET 99407, however parallel
X=b and Y=c girdles (NE-SW) do occur, rotating about a stable Z=a axis (NW-SE; Fig. 6a).
Thus, if afoliation existsin EET 99407, it consists of parallel (100) faces; not (010) faces. In
addition, high concentrations of essentially horizontal X=b and Y =c axes trending NW-SE
suggest that another foliation may crisscross the NE-SW foliation. These relationships suggest
that olivine grains, although displaying some remarkable preferred orientations, do not conform

to awell-defined, easily explained orientation model.

ALH 84025,6 has aweak, but visible lineation as observed by Warren and Kallemeyn
(1989) in parallel thin section ,7. The lineation was oriented horizontally (E-W) for petrofabric
measurement (Fig. 6b). Olivine Y =c shows a strong east-dipping, E-W horizonta trend but with
amaximum concentration of only about half that of EET 99407 (8% in 1% of area; Fig. 6b).
Both X and Z also show fairly strong maxima (both also 8%) and like Y, show considerable
variation aswell. Both Y=c and Z=a show atendency to plot near the margins (horizontal) of
stereonets, with X=b concentrated near the center. This relationship suggests the existence of a
(010) face foliation as described above roughly parallel to the thin section plane. TheY=c
lineation is contained within that foliation, plunging somewhat to the east (Fig. 6b).

To test the idea that the visual lineation corresponds directly to the Y =c measured
lineation, we performed a separate U-stage analysis of elongate grains (high aspect ratio; Fig. 7a)
versus equant olivine grains (low aspect ratio; Fig. 7b). The objectives were to determine the
extent to which elongate grains are contributing to the overall orientation pattern, particularly to
the lineation maximum (Y =c), and to evaluate the contribution of equant olivine grainsto the
pattern to seeif they represented a distinct orientation set.

Surprisingly, the two sets of olivine orientation patterns - elongate versus equant - are

nearly identical (Fig. 7). Equant grains show a more pronounced tendency for Z axesto



concentrate around the periphery of the stereonet (horizontal), although in general terms the
diagrams for both grain types are similar. This shows that equant grains are affected by the same
mechanical processes during crystallization as the elongate grains. This relationship shows that
the visua lineation does not do justice to the true magnitude of the preferred orientation of
olivine grainsin ALH 84025.

Geochemistry

We have done INAA on two samples of EET 99402 and one of EET 99407 (Table 5).
Our INAA procedure does not allow determination of Mg, Al and Si, but we have estimated
these for the samples using mineral compositions and abundances cal cul ated as described above.
There is some circularity in these calculations, but the calculated contents should be close to true
values. We have aso calculated the major element composition of EET 99402 from the mineral
mode (Table 1). The bulk rock compositions of EET 99402 and EET 99407 are identical in
nearly all elements measured, and quite distinct from the other brachinites. 1n some cases,
differences between the two splits of EET 99402 are as large or larger than the differences
between them and EET 99407. Thus, the small differencesin composition between EET 99402
and EET 99407 do not negate pairing for these two stones.

EET 9940n is highly depleted in incompatible lithophile elements. A 2s upper limit for
Lais more than afactor of 3 lower than the La content of ALH 84025, but EET 9940n has a
much higher Eu/Sm ratio (Fig. 8). EET 9940n is distinct from basalt-depleted primitive
achondrites, the lodranites, in that the latter more typically show depletionsin Eu relative to Sm,
and none show REE depletions as great as those of EET 9940n. With the exception of Co, EET
9940n has a greater depletion in siderophile el ements and Se than the other brachinites (Fig. 9).

Argon-Ar and Xe | sotopes

Our sample of EET 99402 had a K concentration of only 31 pg/g, whereas our Brachina
sample contained 230 pg/g. Potassium is expected to reside primarily in minor plagioclase. The
plagioclase modal abundance islower in EET 99402 than Brachina (Table 1), and its K,O
content is 0.038 wt% for EET 99407 (Table 2) compared to 0.26 wt% for Brachina (Nehru et al.,
1983). The spectraof **Ar-*°Ar ages and K/Caratios as a function of cumulative release of *Ar
for EET 99402 are shown in Fig. 10. Stepsin the age spectrum and K/Caratio, as well as some

other characteristics of the Ar release data, suggest the existence of three K-bearing “phases,”
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possessing slightly different Ar compositions and diffusion properties. These are changesin the
relative rate of release of *°Ar, and the ®Ar/*’Ar and **Ar/*®Ar ratios as a function of extraction
temperature. Those extractions releasing 0-13% of the total **Ar show relatively high and
decreasing *°Ar/*’Ar and *Ar/*®Ar ratios, lower Ar-Ar ages, and high K/Caratios. These are al
consistent with adsorbed terrestrial Ar and loss of radiogenic “°Ar, probably caused by
weathering. (See Garrison et a. (2000) for a discussion of how Ar isotopic ratios can be used to
identify Ar components.) Thus, we conclude that the younger Ar ages for the first ~13% of the
39Ar release reflect diffusive loss of “°Ar during antarctic weathering of feldspar grain surfaces.

The next eight extractions, releasing ~13-49% of the **Ar, show a constant K/Caratio,
nearly constant *Ar/*®Ar ratios indicative of only cosmogenic Ar, and have the same Ar-Ar age
within their respective uncertainties. The average age of these eight extractionsis 4.13+0.06 Ga.
The next three extractions, releasing ~49-99% of the **Ar in a separate release peak, also have a
common age within their uncertainties, whose average value is 4.265+0.025 Ga. Increasesin
BAr8Ar and *°Ar/*’Ar ratios for these extractions indicate release of ~2.6x10® cm® gt of
trapped, meteoritic *°Ar, an amount similar to that contained in ordinary chondrites. We
interpret the two different age plateaus for EET 99402 to indicate different degrees of “°Ar
degassing from phases with different Ar degassing properties. With the reasonable assumption
that the phase releasing ~13-49% of the **Ar was totally degassed by the heating event, this
event occurred 4.13+0.06 Ga ago.

The Ar-Ar age spectrum for Brachina (Fig. 11) is more difficult to interpret, but reveals
some characteristics similar to those of EET 99402. The **"®Ar dataindicate that significant
amounts of terrestrial Ar were released in the first few extractions (0-17% **Ar release). The
younger ages for these extractions were likely produced by terrestrial weathering, and possibly
compounded by prior crushing of the sample. Either atmospheric or trapped meteoritic *°Ar also
seems to have been released over ~17-30% *°Ar release. The average age for eleven extractions
releasing 30-100% of the **Ar is 4.25+0.06 Ga. The reason for the decrease in age at ~55% *°Ar
release (Fig. 11) is not apparent, as the steady decrease in K/Ca seems inconsistent with a *Ar
recoil effect. Thisage minimum, 4.13 Ga, isidentical to the inferred degassing age of EET
99402. The age spectrum over 20-100% **Ar release may represent separate partial “°Ar
diffusion loss profiles from phases with different Ar diffusion properties, as suggested for EET
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99402. A “Ar/*Ar versus **Ar/**Ar isochron plot of those extractions releasing 30-100% of the
*Ar islinear (R? =0.9994) and gives an age of 4.28+0.02 Gaand a “°Ar/*°Ar intercept of —
151+179. However, the possible negative intercept suggests that this may be a false isochron
produced by different degassing rates between **“*°Ar produced from K and cosmogenic *°Ar
(Bogard and Garrison, 2003).

We also measured the Xe isotopic composition of the irradiated Brachina sample. For
extractions 425-1075°C, we combined Xe across two consecutive extractions before making Xe
isotopic measurements. Our Brachina sample contained significant amounts (~3x10° cm® g%)
of excess X e from the decay of extinct (t,, 17 Ma) *?°I, along with quantities of ***Xe produced
from *#’I during theirradiation. Figure 12 plots measured **Xe/***X e ratios versus X e/**?X e
ratios. Five high temperature extractions (1125-1500°C) released 57% of the total ***Xe and
show a strong linear correlation (R?=0.9997). The trend line defined by these five extractions
suggests a trapped *°Xe/*®X e ratio of 0.69, slightly lower than the terrestrial value. These five
high temperature extractions also released ~50% of the **Ar (Fig. 11). Thislinear correlation
demonstrates that much of the I-Xe system was not disturbed by the heating event that affected
the K-Ar system. In contrast, the 300-1075°C extractions all show diffusive loss of ***Xe
relative to the linear correlation of high temperature data, consistent with loss of “°Ar as observed
for some of these extractions. Because we did not include an I-Xe age monitor in the irradiation,
we cannot calculate an age from these data.

We can compare our noble gas results for EET 99402 and Brachina with those obtained
for other brachinites. The only other reported Ar-Ar age study for a brachinite is for Eagles Nest
(Swindle et al., 1998). The overwhelming majority of the “°Ar was released at relatively low
extraction temperatures and was attributed by the authors to terrestrial Ar contamination in this
weathered australian find. Intermediate extraction temperatures show ages of ~0.7 Ga, which
rise to ages of ~3.9-4.8 Ga at higher extraction temperatures. Although these data may indicate
strong degassing of Eagles Nest prior to itsfall to Earth, errorsin the individual Ar ages are
large, and it is conceivable that terrestrial weathering produced part of the loss of radiogenic
“OAr. Eagles Nest contains ~1.8 x10™° cm?® g™ excess *°X e, buit this does not correlate with I,
suggesting a disturbance of the I-Xe system (Swindle et al., 1998). ALH 84025 also contains an
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amount of excess *Xe (1.9x10™° cm® g™) similar to that in Brachinaand Eagles Nest, and an
amount of trapped *°Ar (2.1x10® cm® g'%) similar to that in EET 99402 (Ott et al., 1987).

DISCUSSION

Our understanding of the nature and origin of brachinitesis evolving. Based on
mineralogy, texture and bulk composition, Brachinawas originally thought to be an igneous rock
that crystallized from a melt of its own composition (Johnson et a., 1977). Floran et al. (1978)
agreed that Brachinais an igneous rock, but they preferred a cumulate rather than a crystallized
melt origin. Ryder (1982) suggested that Brachinais an impact-melt. This hypothesis was
developed to explain how Brachina could be related to some martian meteorites in spite of
distinctive oxygen isotopic composition and siderophile element contents. Ryder pointed out
that the textural characteristics of Brachina are consistent with an impact-melt origin. Finally,
Nehru et al. (1983) concluded that Brachina was a primitive achondrite, although they
acknowledged that it lost a sulfide component through melting, contained essentially no metal,
may have reached incipient melting of the silicate system, and has an igneous texture. They also
suggested that Brachina might be related to a primitive achondrite super-group including the
acapul coites, lodranites, winonaites and silicate inclusionsin IAB and I11CD irons.

Brachinites described since this early work have been interpreted as being igneousin
origin. Warren and Kallemeyn (1989) argued that the texture, including a possible fabric, and
the incompatible lithophile element contents of ALH 84025 demonstrate a cumulate origin for
thisrock. They further argued that a cumulate origin for ALH 84025 made it more plausible that
Brachinais also acumulate. Similarly, Swindle et a. (1998) argued that the texture of Eagles
Nest indicates a cumulate origin. Because of terrestrial contamination, the incompatible
lithophile element contents of Eagles Nest do not provide a strong constraint on its origin, but
Swindle et al. (1998) stated that the bulk composition of Eagles Nest is consistent with a

cumulate origin.

In stark contrast, Nehru et al. (1996) extended their earlier model by noting that some
brachinites are depleted in a basaltic component, while others are not. They suggested that
brachinites are therefore a direct analog to the acapul coite-lodranite clan. They posited that

brachinites were formed by a sequence of heating and oxidation of primitive chondritic material.
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Oxidation converted most Fe metal to FeO forming olivine at the expense of orthopyroxene, and
some regions reached the solidus temperature forming basaltic melt which was expelled from the
solid residue (Nehru et al., 1996).

Thus, the major competing hypotheses for brachinite origin currently are; (i)
metamorphism and oxidation of chondritic material, including anatexis for some (Nehru et al.,
1983, 1996), or (ii) accumulation from a magma (Swindle et al., 1998; Warren and Kallemeyn,
1989). The first order question for our discussion, then, iswhich, if either, of these models can
explain the origin of brachinites.

Petrology of Brachinites

Nehru et a. (1996) have drawn a direct analogy between the formation of the
acapul coite-lodranite clan and the brachinites. One way to evaluate thisis through comparison
of mineral compositions. The acapul coite-lodranite clan is a reduced assemblage, while the
brachinites are oxidized. Hence, Fe/Mg and Fe/Mn of mafic silicates cannot be used to contrast
the origins of these two suites as redox variations and/or subsolidus equilibration may have
overprinted variations imposed by mineral-melt equilibria. However, the minor element contents
of olivine and pyroxene provide evidence regarding their origins.

The CaO content of olivine in brachinitesis distinctly higher than that of acapulcoites,
lodranites or equilibrated ordinary chondrites (Fig. 2). In slowly cooled ultramafic rocks, the
CaO content of olivine generally decreases as temperature decreases (e.g. see discussion in
Smith et al., 1980), although this hasn't been well quantified for low pressure meteoritic
compositions. Acapulcoites, lodranites and the L7 chondrite LEW 88663 give empirical
evidence for the low CaO contents expected of metamorphic/melting-residue olivines. LEW
88663 and the acapul coites are rocks heated to high, generally subsolidus temperatures, while the
lodranites reached anatectic temperatures (McCoy et al., 1996, 1997; Mittlefehldt and Lindstrom,
2001; Mittlefehldt et al., 1996). The estimated peak temperature range for the acapul coite-
lodranite suite is ~1225-1475°K (McCoy et a., 1996; 1997; Mittlefehldt et al., 1996). Inthe
case of Acapulco, initial cooling from peak temperature was rapid, followed by a period of
slower cooling (Pellas et al., 1997). This alowed the mafic silicates to maintain equilibrium to
differing temperatures below the peak temperature. Hence, the low CaO contents of acapulcoite-

lodranite olivines were established at blocking temperatures well below the solidus.
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Brachinite olivine grains have =5 times more CaO than the acapulcoite, lodranite or L7
chondrite olivines (Fig. 2), suggesting an igneous origin (see Smith et al., 1983; Warren and
Kalemeyn, 1989). Thisis supported by comparison with the L chondrite impact-melt PAT
91501. Thisrock has aclear igneous texture, with euhedral olivines, zoned pyroxenes and
interstitial quenched plagioclase and glass (Mittlefehldt and Lindstrom, 2001). The igneous
olivinesin PAT 91501 have CaO contents that overlap those of the brachinites, and are much
higher than those of the L7 chondrite LEW 88663 (Fig. 2).

Ureilite olivines also have high CaO contents, generally higher than those of brachinites
(e.g. Goodrich et al., 1987; Singletary and Grove, 2003; Smith et al., 1983). The genesis of
ureilitesis somewhat controversial, but the consensusis that they are melt residues (see
Mittlefehldt et al., 1998). This seems to negate the argument that the high CaO contents of
brachinite olivines imply an igneous origin. However, calculations show that ureilite olivine and
pigeonite last equilibrated at magmatic temperatures (1473-1573 °K; Singletary and Grove,
2003), and zoning profilesin reduced rims of olivine and pigeonite microtextures show that
ureilites were rapidly quenched (2-20 °K hr'; e.g. Miyamoto et al., 1985; Takedaet al., 1989).
The rapid quench from high temperature alowed preservation of high CaO contentsin olivine,
and thus ureilites do not provide evidence against an igneous origin for brachinites. However, if
ureilites are melt residues, then they demonstrate that high CaO contents in olivines do not

require crystallization from magma.

Calcium partitioning between olivine and melt is afunction of melt Na,O, Al,O3, CaO
and FeO contents (Libourel, 1999). Theolivinesin PAT 91501 crystallized from amelt of L
chondrite composition (Mittlefehldt and Lindstrom, 2001). The differencesin CaO contents
between the most CaO-poor olivinesin PAT 91501 and the ALH 84025 or EET 9940n olivines
are entirely explicable by the difference in mg# of the olivines (and hence, equilibrium melt).
While this might suggest that the parent melt for the brachinites was essentially chondritic in
composition, this need not be the case. For given CaO and FeO contents, Al,O3 will decrease the
Ca partition coefficient while Na,O will increase it (Libourel, 1999). Hence, a calcium- and
aluminum-rich but sodium-poor brachinite parent-melt could crystallize olivines with CaO
contents like those of PAT 91501. In addition, the texture of PAT 91501 indicates that it was

guenched before it was completely crystallized, while the brachinites have textures of more
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slowly cooled igneous rocks. Thus, the blocking temperature for CaO in olivinein PAT 91501
was likely higher.

There is some indication that meltsin equilibrium with the brachinites were relatively
poor in N&O. Clinopyroxenesin the brachinites have much lower Na,O contents than those of
the lodranites (Fig. 3). For lodranite and brachinite clinopyroxenes, the atom ratio (Cr+Al-
2*Ti)/Na> 1, indicating that the Na content of the pyroxenesis not limited by availability of
charge compensating R**. The very low Na,O content of EET 9940n high-Ca pyroxene may
partially reflect equilibration with plagioclase, a phase not present in the lodranites shown in Fig.
3. However, ALH 84025 is plagioclase-free (or nearly so), and its pyroxenes are also Na-poor,
and acapul coites contain more sodic plagioclase than EET 9940n (Fig. 4) yet have
clinopyroxenes with higher Na,O contents (Fig. 3). The melt in equilibrium with the brachinites
was a'so Ti-poor compared to that in equilibrium with the lodranites; the TiO, contents of the
pyroxenes would suggest by about a factor of two (Fig. 3). Comparison of clinopyroxene and
spinel compositions of ALH 84025 and EET 9940n show that the latter crystallized from a more
aluminous melt (Figs. 3, 5; Tables 2, 3).

The results of our fabric study also suggest an igneous, specifically cumulate, origin for
EET 9940n and ALH 84025. This conclusion is based on four general observations: (i)
guantitatively confirmed olivine lineations and probable foliations, (ii) the consistency of
specific olivine orientation patterns with those of previously measured cumulates, (iii) the
relative strength of olivine preferred orientations, and (iv) the absence of internal strain systems

produced by solid state flow.

Our petrofabric analysis demonstrates the existence of olivine preferred orientation in
EET 99407 and ALH 84025. Particularly in ALH 84025 the patterns reveal a (010) face
foliation like that observed by Brothers (1964) in his semina work on the Rhum and Skaergaard
cumulate complexes. In both brachinites the principle lineation is expressed by relatively high
[001] (caxis) concentrations, which is at variance with the [100] lineations commonly observed
in tectonites (e.g., AvelL allemant and Carter, 1970; AvelL allemant, 1975; Nicolas et a., 1973).
Igneous olivine grains elongated along the ¢ crystallographic axis would be expected to line up
in response to convection currents and to preferentially come to rest on their flattened (010) face.
The fabric of ALH 84025 fits well with this scenario, but it is less apparent whether that of EET
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99407 does. Thiscould ariseif the EET 99407 settling environment was more chaotic
(turbulent) than that for ALH 84025.

Although our U-stage results show definite olivine preferred orientations, the data also
show significant scatter. Many olivine grains conform to recognizable orientation patterns, but
many others do not. Figure 13 shows contrast-enhanced photomicrographs of both terrestrial and
meteoritic ultramafic rocks, all of which show visible mineral lineations and foliations. Note that
tectonites (Fig 13 a,b) show superior orientation fabrics compared to cumulates (Fig. 13 ¢,d). In
addition, general field experience in terrestrial terrains reveals extremely well-devel oped
lineationg/foliations in metamorphic rocks compared to more random igneous flow structures.
Thus, we suggest that the inherent randomness of antarctic brachinite olivine patternsis more

consistent with an igneous origin than a metamorphic/tectonic origin.

Olivine grainsin EET 99407 and ALH 84025 do not show any of the microscopic
evidence for tectonic strain that is observed in terrestrial tectonites. Specifically, oriented dlip
planes and kink bands are absent. Undulatory extinction occurs in olivine and pyroxene shows
lamellar twinning in both rocks. However, both features are probably shock produced (see
Stoffler et a., 1991). Equant olivine grains may form triple junctures but the wide range in
boundary angles suggests limited recrystallization, or some degree of grain enlargement by
reaction with silicate pore fluids. Plagioclasein EET 9940n and high-Ca pyroxenein both
brachinites partially to completely enclose olivine grains, a common igneous texture. In sum,
brachinite olivine grainsin our study show no fabric evidence for compaction- or tectonically-
induced strain, nor do they show evidence for significant recrystallization. Fabrics and overall

textures point to an igneous origin, probably as cumulates.

Although we argue that the textures of the brachinites are inconsistent with metamorphic
recrystallization, there is evidence that EET 9940n was annealed after shock. We estimated an
S3 shock stage from the undulatory extinction and planar fracturesin olivine grains. The dusty
appearance caused by abundant pum-sized inclusions of troilite and rare metal in all phasesin
EET 9940n (Fig. 1) islike that of shock-darkened ordinary chondrites (Rubin, 1992; Stoffler et
a., 1991), and is consistent with an S3 shock stage. The plagioclase patches, however, are
composed of numerous pm-sized grains, and contain vesicles. Thisis not expected for shocked

or unshocked, cumulus or residual plagioclase grains. Mikouchi et al. (2002) report preliminary
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work on reheating maskelynite at 900°C for 24 hours. In these experiments, the maskelynite
crystallized to numerous grains with afibrous texture, and rounded vesicles ~100 um in size
were formed. Thereisan overall similarity of this texture to that observed in EET 9940n,
although the fine-grained plagioclase in the latter is not fibrous. This suggests that the
plagioclase patches in the latter could represent devitrified maskelynite. Maskelynite formation
implies a shock stage of S5, which suggests that strong mosaicism should be present in olivine
(Stoffler et al., 1991). It seems unlikely that the mild heating needed to devitrify maskelynite
would entirely anneal-out evidence for mosaicism in olivine. Nevertheless, mild post-shock

metamorphism is indicated by the plagioclase textures.
Geochemistry of Brachinites

The few brachinites studied show a wide range in incompatible lithophile e ement
abundances (Fig. 8). Brachina has essentially chondritic rare earth element (REE) abundances
(Nehru et al., 1983), and is very similar to acapul coites such as ALHA81261 (Fig. 8). ALH
84025 shows moderate depletionsin REE>*, with an excessin Eu (Warren and Kallemeyn,
1989). Warren and Kallemeyn (1989) inferred that minor plagioclase must have been present in
their sample to explain the high Eu/Sm ratio, in spite of its absence in all thin sections (Table 1).
Thisis supported by ion microprobe analyses of REE in olivine, augite and Ca-phosphate in
ALH 84025, none of which had anomalous Eu contents (Wadhwa et al., 1998b). Thus, a Eu-rich
phase, most plausibly plagioclase, must have been present in the sample analyzed by Warren and
Kallemeyn (1989). EET 9940n exhibits an extreme depletion in REE®*, with alarge excessin
Eu. These latter brachinites have very different REE patterns from basalt-depl eted lodranites
such as MAC 88177 (Fig. 8). The pattern for EET 9940n in particular is similar to igneous rocks
bearing cumulus plagioclase.

Nehru et al. (1983; 1996) have suggested that brachinites were formed by metamorphism
of chondritic material with some being anatectic residues, analogous to the acapul coite-lodranite
clan. Goodrich (1998) modeled the major element compositions of ALH 84025, Brachina and
Eagles Nest, and concluded that these meteorites could represent a suite of anatectic residues, but
only if the parent body was originally heterogeneous with respect to refractory lithophile
elements. With the addition of new data on EET 9940n, the mineralogy and incompatible

lithophile element contents of brachinites show that this model is untenable. Melting of sodic

18



plagioclase-peridotites (that is, something akin to ordinary chondrites) will result in exhaustion
of plagioclase from the source before augite (Stolper et a., 1979). Hence, residues with lower
plagioclase contents should have lower REE contents than more plagioclase-rich residues. This
isopposite what is shown in Fig. 8 assuming both ALH 84025 and EET 9940n are residues.
EET 9940n contains 4-5% plagioclase, and the Eu excess indicates that at least a portion of this
plagioclase would have to be residual, rather than quenched from a trapped melt. ALH 84025
has a lower plagioclase content as indicated by thin section modes and the lower bulk rock Eu
content compared to EET 9940n (Table 1; Fig. 8). The higher REE content of ALH 84025
cannot be explained-away by arguing that it contains a trapped melt component, elevating its
incompatible element content, because the trapped melt would have crystallized plagioclase.
Using mineral/melt partition coefficients for olivine, augite and plagioclase calculated after Jones
(1995) and the pseudo-normative mineralogy for EET 9940n calculated above, amelt in
equilibrium with it would have ~60x the Sm as measured for EET 9940n. Assuming thisisthe
composition of a possible trapped melt, then ~5% trapped melt would be required to explain the
measured Sm content of ALH 84025. The trapped melt may have been ultramafic (see below)
with roughly 25% normative plagioclase. Failure to observe ~1% plagioclase in any thin section
of ALH 84025 (see Warren and Kallemeyn, 1989) can only be explained by claiming that only
the bulk sample analyzed contained the trapped melt component. The same calculation would
suggest that ALH 84025 should have roughly twice the Eu measured, making even this latter
caseimpossible. Because ALH 84025 has a superchondritic Eu/Sm ratio, any plagioclase
present in the bulk sample could not simply represent quenched trapped melt — it must represent
plagioclase fractionated from amelt. This further exacerbates the problems for a melt-residue
model. For these reasons, it is unlikely that ALH 84025 and EET 9940n are part of a suite of
anatectic residues from a primitive source similar to Brachinain lithophile element composition.

The alternative model is that brachinites represent cumulates. The high Eu/Sm ratio for
EET 9940n indicates that at |east some of the plagioclase equilibrated with amelt, and is
therefore cumulus. Plagioclase patches are generally irregular in shape, partially enclose olivine
and augite grains, and are interstitial — not a texture expected for grains that accumulated from a
magma. This suggests either that the plagioclase formed by heteradcumulus growth from the
magma, or (lesslikely) that a subsequent shock and devitrification obscured the original texture.
The moderately high Eu/Sm ratio for ALH 84025 is also consistent with cumulus plagioclase.
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Aswas the case for the anatectic residue model, the higher REE content of ALH 84025
compared to EET 9940n does not support a simple crystallization sequence from a common
parent magma for these brachinites. The crystallization sequence would most likely be olivine
-> olivinetaugite - olivinetaugite+plagioclase (Stolper et a., 1979). Thus, EET 9940n, with
higher plagioclase contents, should also have higher REE contents, contrary to measurement.

Thus distinct parent magmas are indicated.

Above we calculated that a parent melt in equilibrium with EET 9940n would have a Sm
content ~60x that of the cumulate, or roughly ~3x CI chondrites. Assuming a parent body with
approximately Cl abundances of refractory lithophile elements, the parent melt of EET 9940n
would then represent about 30% melting of its source region. Melting experiments on ordinary
chondrite compositions show that plagioclase and high-Ca pyroxene will be exhausted from the
source regions at about 15% melting (Jurewicz et al., 1995). Melts become increasingly
ultramafic as the degree of melting increases. Thus, the low Sm content of EET 9940n argues

for an ultramafic, rather than a basaltic, parent melt.

The siderophile element-Se pattern of brachinitesis compared to that of acapulcoite-
lodranite clan meteoritesin Fig. 9. Mittlefehldt et a. (1996) presented an interpretation of the
siderophile element and Se contents in acapul coite-lodranite clan meteorites. ALHA81261 isa
typical acapulcoite in that its composition reflects nebular processes (condensation and
accretion), not parent body processes (melting and melt migration). It shows an unfractionated
siderophile element pattern, with a depletion of Serelative to Cl chondrites due to depletion of
moderately volatile elements in the acapul coite-lodranite parent body. EET 84302 is transitional
- its lithophile element abundances are nebular, while the siderophile element and Se contents
reflect the loss of a partial melt in the metal-sulfide system. Bulk samples of EET 84302 have
high Ir/Ni ratios, but very low Se/Co ratios — broadly consistent with metal remaining after loss
of ametal-sulfide partial melt. The very low Se content of EET 84302 could partially reflect
heterogeneous distribution of troilite in this coarse-grained achondrite (see Takeda et al., 1994).
FRO 90011 is apartial melt residue. It has alithophile element signature demonstrating loss of a
basdltic partial melt, and a siderophile element-Se signature indicating loss of a metal-sulfide
partial melt. Finally, MAC 88177 represents an unusual combination of processes. The
lithophile element signature shows that a basaltic partial melt was lost from this lodranite, but the
siderophile element-Se signature is that of a metal-sulfide partial melt. This suggests that a
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portion of the metal and sulfide present in MAC 88177 was formed from a metal-sulfide melt
that invaded and crystallized in a basalt-depleted rock.

The siderophile element-Se patterns of the brachinites are distinct from any of the
acapul coite-lodranite clan meteorites. All brachinites show an enrichment in Co relative to other
siderophile elements. The brachinites are relatively oxidized assemblages — the olivines have
moderately high FeO contents and FeO/MnO ratios (Tables 1, 2), the metal and sulfide are Ni-
rich (Table 4), and the NiO content of olivine, while low, is higher than observed in Lodran (see
Papike et a., 1995). The few brachinites studied in detail show evidence for oxidation or
reduction having affected the suite. Thereisageneral increase in olivine FeO/MnO that is
correlated with FeO/MgO (Fig. 14). Igneous processes will substantially fractionate FeO/MgO,
but not FeO/MnO (e.g. Mittlefehldt, 1986). The correlation shown is consistent with Fe/FeO
redox reactions. Similarly, there is a correlation between high-Ca pyroxene wollastonite content
and FeO/MnO (Fig. 14) that is also consistent with redox reactions. In the absence of low-Ca
pyroxene, the wollastonite content of high-Ca pyroxene will decrease as bulk rock FeO
decreases, other things being equal. Thisis because the total cation/S ratio decreases,
decreasing the normative olivine/pyroxene ratio of the rock, forcing the available Cato be
contained in an increasing amount of pyroxene. (Trace orthopyroxeneis present in Brachina, but
only in quenched melt inclusionsin olivine (Nehru et al., 1983). It is unlikely the composition of

augite reflects equilibration with this orthopyroxene.)

Cobalt is the most easily oxidizable of the four siderophile elements shown in Fig. 9, and
the enhanced Co content of brachinites relative to other siderophile elements likely reflects
substantial lithophile character for it. Thereisafairly good correlation of bulk rock Co/Ir with
olivine FeO/MnO (Fig. 14), consistent with partial oxidation of Co in brachinites. However, this
evidence should be evaluated cautiously because igneous processes can fractionate Ir from Co
(e.g. Scott, 1972). Nickel hasaliquid metal/solid metal partition coefficient only slightly less
than that of Co (Jones and Malvin, 1990), and Co/Ni ratios will be much less affected by igneous
processes. The Co/Ni ratio for EET 9940n is much higher than those of the other brachinites,
which are roughly equal and not correlated with olivine FeO/MnO (Fig. 14). Gold is the most
incompatible of the four siderophile elements shown in Fig. 9. EET 9940n has the lowest Au/Ir
coupled with the highest Co/lr (Fig. 14), which isinconsistent with simple igneous fractionation
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in the metal-sulfide system. Thus, thereis good evidence that the high Co/Ir of EET 9940n is

primarily due to partial lithophile character for Co.

The caseisless clear for the other three brachinites. The increasing Co/Ir with Au/lr is
broadly consistent with igneous fractionation in the metallic system, and it is difficult to separate
igneous from possible redox effects. ALH 84205, with the highest Au/lr ratio, is the most
fractionated of the remaining three brachinites, and should have alower Co/Ni ratio than the
others based on experimental partition coefficients (Jones and Malvin, 1990). ALH 84025 has
the highest FeO/MnO of the three (Fig. 14), and oxidation would raise the Co/Ni of arock
crystallized from an oxidized magma. Thus, a combination of siderophile element igneous
fractionation and oxidation could combine to obscure clear trends of bulk rock Co/lr with olivine
FeO/MnO.

Mineral FeO/MnO ratios provide strong evidence for differences in oxidation among
brachinites, and variations in Co/lr are consistent with this. Because bulk rock siderophile
element ratios show evidence for redox variations, this process must have occurred during or
prior to crystallization of the brachinite parent magmas - in situ redox of solidified cumulates
would not alter bulk rock Co/lr. One possibility isthat brachinite parent melts were formed from
different source regions with differing degrees of oxidation. In this case, FeO/MnO and Co/Ir
may have been passed through the magma stage with little change. The alternate case is that the
magma contained a redox agent that acted variably on the melt, producing the range in observed
geochemical characteristics. At present, we cannot definitively demonstrate which may be

correct because there is no direct evidence as to the nature of the redox agent responsible.
Petrogenesis of Brachina

Brachina has arelatively unfractionated refractory lithophile element pattern (e.g.
Mittlefehldt, 2003; Nehru et al., 1983; see Fig. 8), which limits formation models to those that do
not cause fractionation of incompatible lithophile elements — metamorphism of chondritic
material (Nehru et al., 1983), formation of a chondritic composition melt (Johnson et al., 1977),
possibly by impact (Ryder, 1982), or as an orthocumulate in which the melt component
determines the incompatible element contents (Warren and Kallemeyn, 1989). The siderophile

and chal cophile element abundances further constrain permissible models.
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Nehru et al. (1983) explained the siderophile-chal cophile element pattern of Brachina as
reflecting the loss of a (Fe,Ni)S melt, amodel invoked for some members of the acapulcoite-
lodranite clan (Mittlefehldt et al., 1996). Brachina shows a siderophile-chal cophile element
pattern distinct from those of the latter meteorites (Fig. 9). In particular, Brachina has
superchondritic Se/Ni and Se/Au ratios while acapul coites and lodranites that have lost a partial
melt in the Fe-Ni-S system have subchondritic ratios (EET 84302 and FRO 90011 in Fig. 9).
Thus, it is unlikely that Brachina was formed by high-temperature metamorphism and metal -
sulfide melting of chondritic material alaNehru et al. (1983).

Johnson et al. (1977) posited that Brachina represented a chondritic composition melt.
The siderophile-chal cophile element depletion observed indicates that this cannot be correct in

detail, but without a suggested mechanism, the model cannot be evaluated.

Comparison of the siderophile-chal cophile element pattern and texture of PAT 91501, an
impact-melt of L chondrite material, with Brachina allows evaluation of impact melting as a
formation mechanism. The patterns for PAT 91501 and Brachina are generally similar, though
PAT 91501 has alower Ir/Co ratio (0.21 vs. 0.60 for Brachina; Fig. 9), and is more depleted in
all elements shown. The silicate texture shows that PAT 91501 cooled much faster that Brachina
— the former contains zoned pyroxene and chromite grains, quench-textured plagioclase grains,
and interstitial Si-Al-alkali-rich glass (Mittlefehldt and Lindstrom, 2001) while Brachina has a
generally equilibrated texture (Nehru et a., 1983). In spite of the rapid cooling implied by the
texture, immiscible metal-sulfide melts were more efficiently separated from silicate melt in
PAT 91501. Shearing forces acting on the impact-melt may facilitate this separation. Norman
and Mittlefehldt (2002) noted that coarse metal nodules were concentrated along the axis of a
large intrusive impact-melt dike in the Chico L6 chondrite, which they suggested indicated flow
differentiation. Thus, comparison of textures and siderophile-chal cophile element depletionsin
PAT 91501 and Brachinaindicate that an impact-melt origin for the latter is unlikely.

Warren and Kallemeyn (1989) suggested that Brachina represents an orthocumulate, and
thisis consistent with the lithophile element abundances. This requires that the incompatible
lithophile element pattern is dominated by the melt phase, and in the combined proportions, the
cumulus and melt components have approximately chondritic abundances of the lithophile

elements. It isless certain whether this model can explain the siderophile element abundances.
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Cumulate eucrites are the only asteroidal cumulates available for comparison. These have much
lower siderophile element abundances, for example the Ir contents of cumulate eucrites are
~3x107 to 2x10° that of Brachina (e.g. see Mittlefehldt et al., 1998). However, basaltic eucrites,
plausible parent melt compositions for cumulate eucrites, have very low siderophile element
contents that seem to require an earlier, efficient separation of metal from silicate (see
discussions in Mittlefehldt and Lindstrom, 2003; Righter and Drake 1996; 1997). Thus,
cumulate eucrites may not be agood model for Brachina. Cobalt and Ni partitioning between
metal, metallic melt and silicate melt depend on oxygen fugacity, S content, temperature and
silicate melt composition (Righter and Drake, 1996), which are not well known for the brachinite
parent body. Brachinites were formed at higher oxygen fugacity and from a more ultramafic
melt than eucrites, which would permit higher Co and Ni contentsin silicate melts. However,
they were also formed from higher temperature melts and the parent body likely had a higher S
content than the eucrite parent body, which would act to lower the Co and Ni contents of
brachinite parent melts. Siderophile-chal cophile element abundances cannot presently be used to

guantitatively evaluate an orthocumulate model for Brachina.
Chronology of Brachinites

Several lines of evidence indicate that the brachinites formed early in solar system history
but experienced later heating. In addition to the presence in Brachina, ALH 84025, and Eagles
Nest of excess *Xe (Ott et al., 1987; Swindle et al., 1998; this study), Crozaz and Pellas (1984)
reported high particle track densities attributed to fission of extinct (t,, 82 Ma) ?**Pu in Brachina,
and Wadhwa et al. (1998a) found excess >>Cr from the decay of extinct (t, 3.7 Ma) >*Mninit. A
whole rock sample of Brachina gave a **'Sm/***Nd model age, relative to the eucrite initial, of
4.61 Ga. On the other hand, the ®’Rb-%’Sr chronometer in Brachinais disturbed, and the data
suggest an apparent age of 2.5 Ga (Bogard et al., 1983).

The Ar-Ar ages of EET 99402, Brachina, and probably Eagles Nest indicate significant
late degassing of radiogenic “°Ar. Our results for Brachinaand EET 99402 show evidence for
degassing at 4.13 Ga, and this may indicate a common degassing event for them. Given the
relatively young age, alarge impact on the asteroid parent body seems the most likely heating
mechanism. Our petrographic observations on EET 9940n show that the plagioclase may have
been shock-modified to maskelynite, which subsequently devitrified. Whileit istempting to
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equate this petrographic evidence with the event that outgassed radiogenic Ar, we caution that
olivine textures of EET 99402 indicate lower shock-loading, and that Nehru et al. (1983) found
no evidence for shock in Brachina. The disturbance of the Ar-Ar chronometer in EET 99402 and
Brachina, the Rb-Sr chronometer in Brachina, and the I-Xe chronometer in Eagles Nest may
have been produced by a single impact heating event on the brachinite parent body. But if so, it

left differing petrographic imprints on the samples.
CONCLUSIONS

EET 99402 and EET 99407 are paired brachinites based on texture, mineralogy, minera
composition and bulk composition. EET 9940n is highly depleted in incompatible lithophile
elements, except for Eu, and in siderophile elements, except for Co. The texture isigneous, with
high-Ca pyroxene and plagioclase occurring in part as interstitial grains partially to completely
enclosing olivine grains, and with some large irregular olivine grains having deeply embayed
margins. Similar textures are described for ALH 84025 and Eagles Nest (Swindle et al., 1998;
Warren and Kallemeyn, 1989). Petrofabric analysis demonstrates that olivine grainsin ALH
84025 and EET 9940n show distinct lineations and probable foliations. The textures support an
igneous cumulate origin for these brachinites.

Minor element contents of olivine and pyroxenein ALH 84025 and EET 9940n have
distinctly different characteristics than those of the acapul coite-lodranite clan — a suite of high-
grade metamorphic rocks to anatectic residues. The high CaO contents of olivinesindicate a
higher temperature of equilibration for the brachinites, consistent with an igneous origin.
Brachinite olivines have CaO contents like those of olivines from PAT 91501, an impact-melt of
L chondrite material, and much higher than those of olivine in the L7 chondrite LEW 88663,
further supporting an igneous origin for brachinites. Ureilites, believe to be melt-residues, aso
have high CaO contentsin their olivines (e.g. Smith et al., 1983), indicating that olivine

compositions may not uniquely define mode of origin.

The brachinite suite shows a broad correlation between olivine FeO/MnO and bulk rock
CollIr suggesting that the suite was formed at slightly varying redox conditions. At present, it is
not clear whether the source regions of the parent magmas were at differing redox state, or

whether redox processes occurred in the magmas during crystallization.
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Brachina contains excess >X e correlated with reactor-produced *®X e indicating that
short-lived **| was present at the time of formation. This s consistent with fission-particle track
excesses from #**Pu, Cr isotopic data, and other X e isotopic studies showing that brachinites
were formed early in solar system history (Crozaz and Pellas, 1984; Ott et al., 1987; Swindle et
a., 1998; Wadhwaet al., 1998a). The Ar-Ar age spectra of both Brachinaand EET 99402 show
evidence for later reheating at about 4.13 Ga ago, possibly indicating a common impact event.
However, Brachinais unshocked (Nehru et a., 1983), while EET 9940n shows textural evidence
that its plagioclase may have been shocked to maskelynite and subsequently devitrified. Hence,

thereis no clear link between texture and Ar-Ar ages that can be unambiguously interpreted.

Studies of recently found brachinites have shown that their petrologic and geochemical
characteristics indicate igneous origins (Swindle et a ., 1998; Warren and Kallemeyn, 1989; this
work). Brachinais described as having an igneous texture (Floran et a., 1978; Nehru et al.,
1983) and its olivines have high CaO contents indicating a high temperature origin (Smith et al.,
1983). Weinfer that all brachinites are igneous rocks derived from a differentiated parent
asteroid. Their parent melts were ultramafic in composition, indicating high degrees of melting
of the sourceregions. Thereistoo little information on too few brachinites at this point to

develop detailed models regarding the petrologic evolution of the brachinite parent asteroid.
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Table 1. Petrologic synopsis of brachinites.

meteorite  pairing mode (vol %) olivine opX CpX plag cm ref
oiv. cpx opx plag crm phos sulf met mgt Fe/Mn wo mg# wo mg# an  mg#

ALH 84025 79-90 4-15 none none 0.82 tr 34 <1% 68 69 - - 43 81 - 18 1,2
ALH 84025,6 833 94 none none 084 016 54 0.96 2
ALH 84025,26' 869 64 none none 057 tr 54 0.66 2

Brachina 804 55 tr 99 05 05 32 tr 69 68 4 73 39 79 22 30 34

Eagles Nest 81 6 none none <2 tr 7 yes 68 61 - - 45 82 - 18 5

EET 99402 872 46 none 63 09 - 1.0 tr 64 77 - - 46 81 - 22 2
EET 99402,22" 860 50 none 81 0.79 tr 0.11 none 2

EET 99407 EET 99402 852 41 none 91 0.6 - 1.0 tr 64 77 - - 46 81 40 22 2

Hughes 026 927 36 16 <01 08 0.1 12 <01 65 - 3 71 47 81 32 20 6

NWA 595 80 5-10 10-15 none minor - tr - 71 52 2 74 45 82 - 25 7

Nova003 Reid013? vyes yes yes yes - - - - 68 - 2 73 45 80 33 - 8

Reid 013 yes yes yes  yes - - - - 66 - 2 72 46 80 32 - 8

Reid 027 yes yes yes aund yes yes yes yes 64-66 - 2-3 71-73 3845 84 14 9 8

References: 1 - Warren and Kallemeyn (1989); 2 - thiswork; 3 - Nehru et a. (1983); 4 - Smith et al. (1983); 5 - Swindle et al. (1998); 6 - Nehru et a. (1996); 7 -
Russell et a. (2002); 8 - Grady (2000)
“Modes determined from elemental mapping of thin sections; see text.
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Table 2. Average compositions for representative olivine, high-Ca pyroxene and plagioclase grains from ALH 84025, EET 99402 and EET 99407.

olivine high-Ca pyroxene plagioclase
ALH 84025 EET 99402 EET 99407 ALH 84025 EET 99402 EET 99407 EET 99407
ave std ave std ave std ave std ave std ave std ave std ave std ave std ave std
n 5 3 5 6 5 5 7 5 5 5
SO, 3712 0.05 36.8 0.2 3649 004 36.8 0.2 36.56 0.09 53.2 0.1 52.9 0.1 52.9 0.2 53.1 0.2 57.2 0.2
TiO, - - - - - - - - - - 0.159 0.002 0.135 0.006 0.131 0.004 0.135 0.002 - -
Al,O3 - - - - - - - - - - 0.721 0.007 1.10 0.01 1.03 0.02 1.065 0.006 2722 0.05
Cr,0O; 0.046 0.004 0.045 0.005 0.018 0.004 0.028 0.005 0.015 0.005 0.96 0.02 0.850 0.009 0.77 0.01 0.81 0.02 - -
FeO 2947 0.06 29.5 0.1 30.9 0.1 30.7 0.1 31.0 0.1 7.00 0.06 7.05 0.02 6.0 0.1 6.6 0.1 0.10 0.03
MnO 0.423 0.004 0.409 0.003 0.402 0.007 0.401 0.006 0.404 0.004 0.219 0.003 0.183 0.004 0.146 0.003 0.160 0.007 - -
MgO 3287 0.06 3245 0.01 311 0.1 311 0.3 3117 0.07 1589 0.06 1536 0.09 1519 0.04 1541 0.03 0.029 0.005
CaO 0.098 0.005 0.11 0.01 0.105 0.008 0.26 0.02 0.100 0.003 21.0 0.2 2175 0.04 2288 0.08 224 0.1 8.3 0.1
NiO 0.020 0.006 0.32 0.05 0.014 0.004 - - 0.017 0.007 - - - - - - - - - -
Na,0O - - - - - - - - - - 0.483 0.009 0.351 0.008 0.370 0.008 0.379 0.007 6.88 0.04
K0 - - - - - - - - - - - - - - - - - - 0.038 0.005
sum  100.047 99.634 99.029 99.289 99.266 99.632 99.679 99.417 100.059 99.767
molar Fe/Mn, 100* Mg/(Mg+ Fe) and mole percent mineral end members.
Fe/Mn 68.8 71.2 75.8 75.6 75.7 31.6 38.0 40.6 40.7
mg#  66.5 66.2 64.3 64.4 64.2 80.2 79.5 81.9 80.6
Wo,0r 43.2 4.7 47.0 45.7 0.2
En,Ab 45.6 44.0 434 43.8 59.9
FsAn 11.2 11.3 9.6 105 39.9
atoms per formula unit
S 1.0004 0.9985 1.0021 1.0062 1.0019 1.9737 1.9652 1.9671 1.9642 2.5811
Ti - - - - - 0.0044 0.0038 0.0037 0.0038 -
Al - - - - - 0.0309 0.0472 0.0443 0.0455 1.4199
Cr 0.0010 0.0010 0.0004 0.0006 0.0003 0.0282 0.0250 0.0226 0.0237 -
Fe 0.6642 0.6694 0.7086 0.7020 0.7097 0.2172 0.2190 0.1866 0.2042 0.0038
Mn 0.0097 0.0094 0.0094 0.0093 0.0094 0.0069 0.0058 0.0046 0.0050 -
Mg 1.3206 1.3125 1.2738 1.2677 1.2733 0.8788 0.8506 0.8420 0.8497 0.0020
Ca 0.0028 0.0032 0.0031 0.0076 0.0029 0.8348 0.8658 0.9116 0.8878 0.4013
Ni 0.0004 0.0070 0.0003 - 0.0004 - - - - -
Na - - - - - 0.0347 0.0253 0.0267 0.0272 0.6020
K - - - - - - - - - 0.0022
sum 2.9991 3.0010 2.9977 2.9934 2.9979 4.0096 4.0077 4.0092 4,0111 5.0123

" Number of analyses averaged.
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Table 3. Average compositions for representative chromite grains from ALH 84025, EET 99402 and EET 99407.

TiO,
Cr,04
Al 203
V,03
FeO
MnO
MgO
ZnO
sum

Fe/Mn

mg##
Cr

Cm
Mc
Hc

Sp
Uv

Ti
Cr
Al
\/
Fe
Mn
Mg
Zn
sum

ALH 84025 EET 99402 EET 99407

ave std ave std ave std ave std ave std ave std ave std
6 10 6 6 4 7 10
1289 0.007 1.32 0.01 0.966 0.006 1.00 0.01 0.992 0.007 0.96 0.01 1.01 0.01

59.8 0.2 60.6 0.1 52.58 0.09 537 0.2 52.2 0.5 53.10 0.07 53.0 0.3
7.45 0.03 7.42 0.04 13.69 0.06 12.88 0.09 13.8 0.2 134 0.1 13.3 0.1
0.409 0.004 0.409 0.003 0.370 0.004 0.359 0.005 0.375 0.007 0.371 0.003 0.350 0.004

28.79 0.08 27.3 0.2 28.20 0.09 27.7 0.1 28.6 0.2 28.08 0.08 27.1 0.1
0.338 0.006 0.320 0.009 0.289 0.007 0.280 0.003 0.292 0.006 0.289 0.006 0.281 0.007
2.85 0.02 39 0.1 4.29 0.03 4.53 0.02 4.1 0.1 4.37 0.03 4.65 0.02
0.46 0.01 041 0.01 0.02 0.01 0.019 0.009 0.019 0003 0.015 0.005 0.400 0.010

101.386 101.679 100.405 100.468 100.378 100.585 100.091
molar Fe/Mn, 100* Mg/(Mg+ Fe), 100* Cr/(Cr+ Al) and spinel end members

84.1 84.2 96.3 97.7 96.7 95.9 95.2

15.0 20.3 21.3 22.6 20.3 21.7 234

84.3 84.6 72.0 73.7 717 72.7 72.8

68.5 63.8 545 54.7 549 54.7 53.4

131 17.8 15.7 17.1 15.0 16.2 17.5

12.7 117 21.2 19.6 217 20.6 20.0
24 33 6.1 6.1 5.9 6.1 6.5
33 34 25 25 25 24 2.6

atoms per formula unit

0.0336 0.0340 0.0245 0.0254 0.0252 0.0243 0.0257
1.6378 1.6425 1.4009 14324 1.3927 14135 1.4152
0.3042 0.2998 0.5438 0.5122 0.5489 0.5318 0.5294
0.0114 0.0112 0.0100 0.0097 0.0101 0.0100 0.0095
0.8340 0.7827 0.7948 0.7816 0.8071 0.7906 0.7654
0.0099 0.0093 0.0082 0.0080 0.0083 0.0082 0.0080
0.1471 0.1992 0.2155 0.2278 0.2062 0.2193 0.2340
0.0118 0.0104 0.0005 0.0005 0.0005 0.0004 0.0100
2.9898 2.9891 2.9982 2.9976 2.9990 2.9981 2.9972

" Number of analyses averaged.
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Table 4. Average compositions for representative troilite and metal grains from ALH 84025.

troilite metal

ave std ave std ave std ave std ave std ave std
n 5 5 5 5 5 5
Fe 63.0 0.1 62.70 0.04 62.7 0.2 69.9 0.5 69.0 0.1 66.0 0.3
Ni 0.040 0.006 0.39 0.04 0.62 0.06 28.87 0.03 29.7 0.1 31.40 0.04
Co 0.028 0.004 0.06 0.02 0.058 0.007 1620 0.002 1575 0.007 1670 0.008
Cr 0.054 0.003 0.054 0.003 0.055 0.003 - - - - - -
S 36.9 0.1 36.4 0.1 36.38 0.09 - - - - - -
sum 100.026 99.601 99.831 100.457 100.334 99.094

atom percent

Fe 494 495 495 70.7 69.9 67.7
Ni 0.030 0.29 0.47 27.77 28.6 30.65
Co 0.021 0.04 0.043 1.552 1512 1.624
Cr 0.046 0.046 0.047 - - -
S 50.5 50.1 50.0 - - -

" Number of analyses averaged.
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Table 5. Select major, minor and trace element contents of EET 99402 and EET 99407 .

mass (mg)"
Na mglg
Mg mgl/g
Al mg/g
S mg/g
Ca mglg
S pg/g
Cr  mglg
Fe mglg
Co pg/g
Ni  Hg/g
Zn  pg/g
Se g9
La ng/g
Sm  ng/g
Eu ng/g
Yb nglg
Lu nglg
Ir ng/g
Au ng/g

EET 99402,12 EET 99402,19 EET 99402,22¢ EET 99407,6
52.80 53.41 53.39

2562 =+ 0.016 2501 + 0.013 3.3 3.640 + 0.019
171 174 172 169

81 7.6 9.9 10.8
175 175 179 177

108 =+ 17 86 =+ 12 12 102 =+ 13

8.08 =+ 0.03 714 + 0.03 693 *= 0.03

527 = 003 3174 = 0.015 4.1 3.086 =+ 0.014
2250 =+ 08 2277 += 08 219 2233 + 08
2025 =+ 038 2045 <+ 038 2087 + 038
686 + 17 702 + 16 796 + 17
21 + 4 22 + 3 162 =+ 19

143 =+ 0.13 132 = 011 14 =+ 012
=36 =20 =20

87 * 16 74 £ 14 75 £ 12
38 + 3 33 + 2 48 + 3
62 *+ 16 48 *+ 16 50 + 15
=15 =16 7 + 3
324 =+ 11 296 + 10 330 =+ 11

26 = 04 19 =+ 04 29 = 04

" Determined by INAA. Uncertainties are +1s, upper limitsare 2s. Contents of Mg, Al and Si

were calculated from the INAA and mineral composition data. See text.

" Mass of sample analyzed. The samples are splits of homogenized powders of larger samples.
See text.
* Major element contents were cal culated from element maps of thin section and mineral
composition data. See text.
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Figure 1. Photomicrographs of general textural features of EET 99407 and ALH 84025. Note
the general dusty appearance of grainsin EET 99407 compared to the more transparent
grainsin ALH 84025. Twinned grains are augite, not plagioclase. Plagioclase patchesin
EET 99407 are composed of numerous grainsafew umin size. Thelabeled grain
contains arounded vesicle. Labels are; crm — chromite, cpx — high-Ca pyroxene, met —

metal, oliv — olivine, plg — plagioclase, troi —troilite.

Figure 2. CaO vs. Cr,03 in brachinite olivine compared to those of acapulcoite-lodranite clan
meteorites, L7 chondrite LEW 88663 and L chondrite impact-melt PAT 91501. High
CaO contents of olivine are characteristic of high temperature, igneous grains. LEW
88663 is an example of equilibrated ordinary chondrites. The major and minor element
compositions of its minerals match those of L5-6 chondrites — see Brearley and Jones
(1998), Mittlefehldt and Lindstrom (2001). Brachina data from Smith et al. (1983).
Acapul coite-lodranite data from Mittlefehldt et al. (1996) and Mittlefehldt, unpublished.
LEW 88663 and PAT 91501 data from Mittlefehldt and Lindstrom (2001).

Figure 3. TiO; vs. Al,O3 and N&O vs. Cr,O3 in brachinite high-Ca pyroxene compared to those
of acapul coite-lodranite clan meteorites, L7 chondrite LEW 88663, and L chondrite
impact-melt PAT 91501. Data sources asin Fig. 2, plus additional Brachina data from
Nehru et al. (1983).

Figure 4. Plagioclase compositions of EET 9940n compared to those of Brachina, acapul coites
L7 chondrite LEW 88663, and L chondrite impact-melt PAT 91501. Brachina data are
from Nehru et a. (1983). Acapulcoite, LEW 88663 and PAT 91501 data are from

sources given in Fig. 2.

Figure 5. Chrome-rich spinel compositions of ALH 84025 and EET 9940n compared to those of
Brachina, acapulcoite-lodranite clan meteorites, L7 chondrite LEW 88663, and L
chondrite impact-melt PAT 91501. The curved arrow shows the zoning trend for PAT
91501 spinels (Mittlefehldt and Lindstrom, 2001). EET 9940n spinels are Al-rich and,
with one exception, very Zn-poor compared to those of other brachinites. Brachina data
are from Nehru et al. (1983). Acapulcoite-lodranite, LEW 88663 and PAT 91501 data

are from sourceslisted in Fig. 2.
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Figure 6. Equal area stereonet plots of X, Y, and Z light vibration directions for olivinein
Antarctic brachinites. Contour lines equal 2, 4, and 6% in 1% of area. Fifty grains
measured in each meteorite. (a) EET 99407,9: “1 ” in Y=c isthe lineation (vertical),
maximum equals 14% in 1% of area. (b) ALH 84025,6: Y =c lineation denoted as
double headed arrow labeled “1 ” (near horizontal, plunging to east), maximum equals 8%

in 1% of area.

Figure 7. Equal area stereonet plots of X, Y, and Z light vibration directions of olivinein ALH
84025,6 for (a) elongate (high aspect ratio) and (b) equant (low aspect ratio) grains; 25
grains measured for each type. Contours represent 2%, 4% and 6% in 1% of area.

Patterns are virtually identical and mimic patterns shown in Fig. 6b.

Figure 8. Rare earth element patterns for brachinites compared to those of the acapulcoite
ALHAB81261 and lodranite MAC 88177. Dataare from Mittlefehldt et al. (1996) —
ALHAB81261, MAC 88177; Nehru et a. (1983) — Brachina; Warren and Kallemeyn
(1989) — ALH 84025.

Figure 9. Siderophile element and Se diagram for brachinites compared to select acapul coite-
lodranite clan meteorites. Brachinite data are from Nehru et al. (1983) — Braching;
Swindle et al. (1998) — Eagles Nest; Warren and Kallemeyn (1989) — ALH 84025.
Acapul coite-lodranite samples are averages of data from Mittlefehldt et al. (1996), Rubin
et al. (2002), Weigel et al. (1999) and Zipfel and Palme (1993).

Figure 10. *°Ar-*°Ar ages (rectangles, left scale) and K/Caratios (stepped line, right scale) asa
function of cumulative release of *°Ar for stepwise temperature extractions of awhole

rock sample of EET 99402. Potassium and Ca concentrations are also given.

Figure 11. *°Ar-*°Ar ages (rectangles, left scale) and K/Caratios (stepped line, right scale) asa
function of cumulative release of **Ar for stepwise temperature extractions of awhole

rock sample of Brachina. Potassium and Ca concentrations are also given.

Figure 12. Plot of **Xe/***Xe vs. X e/™*?X e for stepwise temperature degassing of Brachina

Five extractions above 1100 °C (solid points) define alinear correlation.

Figure 13. Photomicrographs of terrestrial and meteoritic metamorphic tectonites and igneous

cumulates showing varying degrees of mineral elongation preferred orientation. All
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photos were contrast-enhanced to accentuate fabrics. Straight lines represent approximate
lineation trends. (@) Dreiser Weiher tectonite (Fig. 6A in Mercier and Nicolas, 1975); (b)
Kennaurellite (Berkley et a., 1976), a partial melt residue and tectonite; (c) Governador
Valladares nakhlite, martian cumulate clinopyroxenite, (d) Theos Flow, ultrabasic
cumulate lava flow; (€) ALH 84025,6 brachinite.

Figure 14. Olivine and pyroxene compositional data and bulk rock siderophile element ratios for
brachinites giving evidence for differences in oxidation state, and probable partial
oxidation of Co; seetext. Literature datafrom Nehru et al. (1983), Smith et al. (1983),
Swindle et a. (1998), Warren and Kallemeyn (1989) and D. Kring, personal
communication. Note that D. Kring provided two distinct olivine compositions for

Eagles Nest — both are plotted.
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